Environmental chemico-physical factors, pathogens, and biological interactions constantly affect organism physiology and behavior. Invertebrates, including bivalve mollusks do not possess acquired immunity. Their defense mechanisms rely on an innate, non-adaptive immune system employing circulating cells and a large variety of molecular effectors. The mechanisms underlying host defense depend on the presence of functional proteins in appropriate quantities, within a crucial time window. These proteins are encoded by genes whose transcription is tightly coordinated by complex programs of gene expression. Currently available advanced techniques allow the evaluation of this gene expression, expanding our understanding of the behavior and function of cells and tissues under varying conditions. In particular, DNA microarray technology enables measurement of a large predetermined set of known genes or sequences. Expressed sequence tag sequencing from redundant, normalized, subtractive hybridization libraries is a robust method for sampling the protein encoding genes that are expressed within a tissue. The elimination of microorganisms by defense cells is a dynamic process that involves integrating synthesis of granule proteins during differentiation, migration onto sites of infection, phagocytosis and killing of microorganisms, modulation of their effector cells, and finally apoptosis. Understanding how this complex biological process is regulated can best be addressed using a systems biology approach to the study of organisms and populations in order to more effectively decipher the continuous challenge between two genomes, i.e., evolving host-pathogen interactions.
INTRODUCTION
Bivalve culture is steadily growing in importance in the aquaculture sector. However, from time to time, populations of cultivated mollusks, mainly oysters, mussels, and clams, suffer from severe mortalities. Among the possible causes is the occurrence of several diseases due to a wide variety of pathogens.
Some of the factors that may facilitate the development of diseases in cultured mollusks include: (a) increases in population density that increase the risk of healthy animals encountering a sick animal, facilitating disease transmission, (b) increases in animal transfer frequency, (c) weakening of animals under stress, (d) diversity in host genetic and immune competency, and (e) diversity in pathogen virulence. The first three may be fully or partially controlled by adjusting management practices, while more basic knowledge is needed to effectively modulate the impact of the third. In addition, knowledge of the biology and genetics of pathogens as well as the host is essential. Precise identification of pathogens (taxonomy) and specific diagnostic tools are needed. Approaches based on molecular biology and biotechnology can be used to obtain such results.
Since infectious diseases remain a major concern for aquaculture and may result in massive losses, and sometimes can entirely shut down a particular operation, management of infectious diseases is a priority for aquaculture sustainability. However, mollusks, including bivalves, are unique in terms of health management. There are few tools to control and reduce the impact of pathogens. Mollusks are invertebrates lacking a specific immune response and immunological memory, and therefore they rely totally on their innate immune system to overcome diseases. As mollusks do not possess lymphocytes and do not produce antibodies, vaccination cannot be used to protect them against infectious diseases. Moreover, the preventive or therapeutic use of drugs is highly restricted, since mollusk farming is carried out in the natural marine environment.
The innate immune system of invertebrates employs circulating cells and a large variety of molecular effectors. Originally, innate and adaptive immunity were considered as two independent mechanisms. At present, they appear to be more intricately linked, with innate immunity playing a key role in stimulating the subsequent clone response of adaptive immunity (Fearon and Locksley, 1996; Hoffmann et al., 1999) . New discoveries, such as gene rearrangement mechanisms in lampreys and somatic hypermutation/alternative splicing in mollusks, have meant that a reconsideration of our fundamental views is now essential (Flajnik and Du Pasquier, 2004; Vivier and Malissen, 2005) .
Invertebrate cellular defense relies primarily on the hemocytes through infiltration, aggregation, encapsulation, cytotoxic reactions, and phagocytosis of foreign particles. Several biologically active molecules have been reported in the hemolymph of bivalve mollusks. They are generally classified into two categories: serologically active (opsonins, lysins, agglutinins, antimicrobial factors, lysozymes) and enzymes of lysosomal origin (aminopeptidases, β-glucuronidases, acid phosphatase, alkaline phosphatase, α-mannosidase, esterases, and peroxidases). The precise molecular mechanism of action is known for only some humoral factors, despite their important role as bacteriolytic and bacteriostatic agents (Canicatti and Roch, 1993) .
STRESS AND RESPONSE TO STRESS IN BIVALVES Biological Costs of Adverse Environmental Changes
Chemico-physical factors and biological interactions constantly affect organism physiology and behavior. Conversely, the organism response to external changes disrupting functional homeostasis depends on the genetic uniqueness of individuals and populations, namely gene pools, allelic patterns, and finely tuned gene expression.
In the complex frame of gene-environment interactions, the mechanisms of physiological reactions and genetic adaptation well depict the stress response, i.e., the cascade of events triggered by external stressors and pushing a given species beyond the limits of its environmental niche (van Straalen and Roelofs, 2006) . Some of the early effects induced in organisms by stress factors may include physiological adjustments, which are often transient and also relate to behavioral reactions, and recovery from structural damage. In addition to the immediate value of closure induced by mechanical or chemical stress, changes in water coverage influence the overall metabolism and individual growth rates of bivalve species (Ortmann and Grieshaber, 2003; Bishop and Peterson, 2006) . Long-term consequences depend on the persistence of the adverse conditions (thermal, chemical, climatic, and biotic changes) and are primarily driven by genotype selection, ultimately prevailing on the effects of mutation, migration, and stochasticity (Nevo, 2001) . Taken together, the changes that occur in a given species or population over a particular space/time scale define specific adaptive stress syndromes. For example, marine species such as mussels rarely develop tumors as a stress response to genotoxic pollutants, and therefore Kurelec (1993) indicated as "genotoxic disease syndrome" the functional impairment resulting from reduced enzyme function, altered protein turnover and metabolism, inhibition of growth, degenerative processes, faster aging, increased frequency of diseases, impairment of reproduction, adaptation, and survival.
Consistent with adaptation and speciation, geographical differences in stress susceptibility have been reported in the Mytilus species complex (Riginos and Cunningham, 2005) and, on a regional scale, xenobiotic-induced oxidative stress was found to be inversely related to a natural salinity gradient (Prevodnik et al., 2007) . In juvenile Pacific oysters, Crassostrea gigas, genetic variability at loci related to energy production and immune function was found to be one of the major determinants of sensitivity to summer mortality, a phenomenon emerging from complex interactions between host, pathogens, and environmental factors (Huvet et al., 2004) . In essence, the concerted pressure of different stressors, including salinity, temperature, chemical pollutants, and potential pathogens can disrupt the functional homeostasis, define irreversible alterations, and set the basis for genetic adaptation (Reid et al., 2003; Paillard et al., 2004b; Parry and Pipe, 2004) .
A general problem in obtaining a better understanding of the stress response in bivalves is the complete lack or fragmentary reviews in fisheries science vol. 16 S1 2008 nature of our knowledge about their genes, proteins, and regulatory networks. At the moment, three species have been selected for genome sequencing: the bay scallop Argopecten irradians, the eastern oyster C. virginica and the surf clam Spisula solidissima (NCBI browsed at March 2007: project ID 13038, 12979, and 12959, respectively cDNA microarrays of about 1.7 K and 6.8 K size have made available for mussels and oysters, respectively (Cunningham et al., 2006; Venier et al., 2006; Jenny et al., 2007) . Also, gene expression analysis based on megacloning and massive parallel signature sequencing has been used to investigate larval growth heterosis in C. gigas (Hedgecock et al., 2007) . This innovative approach revealed that a relatively small number of candidate genes (∼350 of >20,000 transcripts) contribute to variation in body size and essential function in oyster larvae. The genes involved in the bivalve stress response might be expected to broadly encompass signaling pathways, cell cycle regulation, protein turnover, detoxification mechanisms, and immune function. Depending on the particular stressor involved, as well as the traits and life stage of the species affected, the specific sets of genes responding to adverse environmental changes offer unique molecular signatures, i.e., gene expression profiles and proteomes. A general view of what is known about the bivalve response to abiotic factors, toxicants, and potential pathogens is outlined below.
Responses to Abiotic Stress
Intertidal and shallow-water bivalves experience large fluctuations in environmental physico-chemical factors, for instance, the so-called aestivation and periodic anhydrobiosis. Mytilidae and other bivalves are facultative anaerobes and react to cyclic or prolonged hypoxia, cold temperatures and low salinity by isolating themselves from the external environment, reducing all the energetic processes and switching to anaerobic metabolism (De Zwann and Mathieu, 1991; Ortmann and Grieshaber, 2003) .
During functional or environmental anaerobiosis, bivalves consume primarily carbohydrates to support cellular ATP levels and generate end-products such as alanine, alanopine, succinate, and propionate. In particular, D-alanine can be regarded as one of the major intracellular osmolytes as it significantly increases in tissues of bivalves and crustaceans under salinity stress (Abe et al., 2005) . Tolerance to intermittent hypoxia/anoxia in mussels probably results from the glycolitic depression mediated by cyclic GMP and 6-phosphofructo-1-kinase (Diaz-Enrich et al., 2002) .
Genes transcripts in different physiological pathways have been identified by suppression subtractive hybridization (SSH) in C. gigas during experimental hypoxia (David et al., 2005) . Enhanced expression of the genes encoding metallothionein and MXR (multixenobiotic resistance) proteins was observed in the freshwater clam Corbicula fluminea subjected to cadmium and hypoxia stresses (Legeay et al., 2005) . In addition, up-regulation of proteins related to oxidative stress was evident in the surf clam Donax variabilis in response to hypoxia, hyperoxia, and hydrogen sulfide (Joyner-Matos et al., 2006) .
Heat shock proteins are almost ubiquitous in living organisms and play a key role in the cellular stress response. They act as protein chaperones in normal development and in response to various thermal and chemical stressors, stabilizing signalingrelated proteins and assisting protein folding, unfolding, and degradation. During organism development, hsp90 influences morphogenetic pathways, channeling phenotypic variation in spite of destabilizing stochastic events (Rutherford et al., 2007) . Following thermal and chemical stress, different levels of hsp70 isoforms, hsp60, and hsp90 have been observed in the mussel Mytilus galloprovincialis and abalone Haliotis rufescens (Snyder et al., 2001) . Species-and tissue-specificity of heat-shock response and cross-protection against toxicant-induced stress have been reported in bivalves (Piano et al., 2004) . For example, the small hsp27 gene appeared significantly down-regulated in the digestive gland of mussels exposed to toxicant cocktails in both experimental and field conditions (Venier et al., 2006) . Conversely, acute cold stress can rapidly alter opiate signaling and gill ciliary activity in mussels by inhibiting the expression of opiate receptor transcripts and constitutive nitric oxide release (Cadet et al., 2002) . As reported in the periwinkle Littorina littorea, cold and anoxia were shown to modulate mitogen-activated protein kinase activity and resulted in metallothionein induction in these bivalve tissues (MacDonald and Storey, 2006) .
Responses to Toxicant Stress
Environmental pollutants differ greatly in their physicochemical properties, bioavailability, and potential toxicity for organisms with diverse life traits and reproductive strategies. The most potent toxicants generally impair biological function at low or very low doses. In the context of Mussel Watch, the measurement of structural and functional alterations at an early stage of induction by toxic chemicals provides the rationale for coastal pollution biomonitoring (Goldberg and Bertine, 2000) .
Toxicants with various chemical structures are electrophilic and generate reactive oxygen and nitrogen species (e.g., superoxide anion radical O − 2 , hydrogen peroxide H 2 O 2 , peroxyl radicals ROO, nitrogen oxide radical NO). Exposure to metals, polycyclic aromatic hydrocarbons, organochlorine and organophosphate pesticides, polychlorinated biphenyls, dioxins, and other xenobiotics can increase the physiological levels of such reactive species, define oxidative stress, and disrupt vital reviews in fisheries science vol. 16 S1 2008 processes in living organisms (Valavanidis et al., 2006) . Transition metals, quinones, some pesticides, and other compounds can undergo redox cycling and consequently enhance the oxidative stress (Canova et al., 1998) . Non-enzymatic defenses include vitamins such as tocopherols and ascorbate, thiols such as glutathione, and other scavenging molecules (Blair, 2006) . Superoxide dismutase, GSH peroxidases, reductases, and catalase enzyme activity have been measured in bivalve tissues to evaluate oxidative stress (Valavanidis et al., 2006) . Following endogenous and exogenous oxidative DNA damage, specific repair pathways conserved through evolution can recover oxidized bases (e.g., 8-oxodG, thymine glycol), apurinic sites, and strand breaks (Bohr, 2002) . Data from mammalian studies suggest that cell and tissue homeostasis is supported by a network of circadian proteins that support cell and tissue homeostasis, not only in normal physiology, but also during the genotoxic stress response (Kondratov et al., 2007) . Evidence for antioxidant response element (ARE)-dependent gene expression in mammalian tissues suggests robust signaling pathways and protein networks activated against oxidative stress (Zhang, 2006) . Nevertheless, specific and detailed knowledge of how these molecular mechanisms act in bivalves is still scarce. In the digestive gland and gills of M. edulis, acute oxidative stress causes protein carbonylation, high ubiquitin levels, and modest changes in glutathione transferase, glucose 6-phosphate dehydrogenase, and glutathione reductase activity (McDonagh and Sheehan, 2006) . According to the Comet assay, Cerastoderma edule and M. edulis display different sensitivity to DNA damage (Cheung et al., 2006) with indirect evidence of DNA repair (Emmanouil et al., 2007) . Metallothioneins (MTs) are another group of molecules chiefly involved in the response to oxidative stress, especially from toxic metals. They are low molecular weight, cysteine-rich peptides, display oxyradical scavenging activity and high affinity for free metal ions such as Zn, Cd, Cu, and Hg, and cause metal sequestration and detoxification. In response to anoxia and oxidative stress, transcription of MTs commonly occurs by trans-activation of metal-response promoter elements (Bourdineaud et al., 2006) . Three MT isoforms are known in C. gigas (Tanguy et al., 2001) and the high frequency of two polymorphic variants of CgMT1 has been suggested as an explanation for the tolerance of oyster to metals in experimental and field populations (Tanguy et al., 2002) . At least one MT isoform exists in the fresh water zebra mussel Dreissena polymorpha, whereas in Mytilus species two main isoforms (MT10 and MT20) with tissue-specific levels of constitutive and induced expression have been identified (Vergani et al., 2005) .
In addition to MTs, the endo-lysosomal vesicle system contributes to the sequestration of excessive amounts of metals and organic xenobiotics with time-dependent changes in lysosomal size and integrity (Marigomez et al., 2005) . Particularly in the digestive gland of filter-feeding bivalves, effective bioaccumulation coupled to low levels of biotransformations explains the resulting toxicant overload and related cellular damage (Canova et al., 1998) .
Compared to fish and mammals, competence for phase Iflbiotransformations (functionalization of xenobiotic molecules) is limited in bivalves, with active (FAD-dependent) monoxygenation of aromatic amines and limited poor monoxygenation of polycyclic aromatic compounds (Kurelec and Gupta, 1993; Boutet et al., 2004a) . The existence of CYP4 isoforms has been reported in M. galloprovincialis but the expression and AhR-mediated inducibility of cytochrome P450-like proteins in bivalves require further study (Chaty et al., 2004) . Among the phase II conjugating enzymes (conjugation to endogenous substrates), gene expression of glutathione S-transferase (GST) has been studied in various bivalves (Doyen et al., 2005; Myrnes and Nilsen, 2007) . The substantial gene expression of GST in mussel gills, the first target tissue of water contaminants, confirms the detoxifying role of glutathione and GST.
The cellular response to endocrine disrupting compounds (EDCs) is more difficult to outline due to the multiplicity of suspected chemicals and variety of adverse effects (Yang et al., 2006) . In addition to natural ligands such as 17β-estradiol and alkylphenols, other environmental contaminants can bind the cytoplasmatic estrogen receptor in sensitive cell types and lead to the transcriptional activation of many genes. Mimicking or counteracting the natural hormones, EDCs can affect the reproductive and developmental processes of vertebrates, humans included. In Nucella spp. and many other gastropods, exposure to low levels of organotin compounds has been causally associated to the imposex condition, female sterility, and severe population decline (Plejdrup et al., 2006) . Steroidogenic pathways and possible markers of endocrine disruption in marine bivalve mollusks are under investigation (Porte et al., 2006; Wintermyer and Cooper, 2007) . Undoubtedly, functional genomics approaches will be able to provide valuable information on the EDC stress response as it involves complex signaling pathways and wide-ranging changes in gene expression.
GENOMICS OF MOLLUSKAN PATHOGENS
For many pathogens of mollusks, current diagnostic techniques are rather limited, and screening has been restricted to histological and ultrastructural examination. Protozoans are the most studied mollusk pathogens (Table 1) . Molecular techniques for detecting and identifying pathogens in mollusks are being developed and validated as suitable tools and are expected to be increasingly used in pathogen monitoring programs . International standards proposed by the OIE include molecular techniques for the detection and identification of listed pathogens (OIE, 2006) . The routine use of DNA-based diagnostic tools is, however, hampered by a number of major concerns. Not all regions of the pathogen DNA are equally useful as targets for molecular detection. Closely related pathogens may present high sequence similarities. Moreover, molecular tools detect DNA and not necessarily a viable pathogen. The assays often have not been thoroughly tested for inclusivity reviews in fisheries science vol. 16 S1 2008 Lauckner (1983) (detection of all strains of the pathogen) or specificity (cross reaction with any other organism). A main concern is that molecular tools too often are developed from a few sequences without a good understanding of the overall sequence variability within the species. Finally, PCR-despite its sensitivity-is still subject to the same problems of other diagnostic methods, namely, that the tiny piece of tissue used for amplification may simply not contain the pathogen. Although taxonomy of mollusk pathogens is still unsettled, DNA sequencing has shed new light on pathogen classification. In this context, DNA probes for mollusk pathogens have been most often designed from genes used for phylogenetic studies, which frequently do not reflect the huge diversity in terms of virulence. There is a growing recognition of the need for strain differentiation in diagnostic procedures. Moreover, molecular tools need formal validation against traditional techniques and testing for their specificity. Studies conducted in parallel with the same isolates in several laboratories would be ideal. It will also be necessary to identify regions of the pathogen genome that can be utilized for species differentiation. Moreover, all molecular assays specific for a pathogen should be tested in parallel and validated, and further sensitive diagnostic assays reviews in fisheries science vol. 16 S1 2008 that will clearly discriminate between all "valid" species should be developed. To confirm the presence of a pathogen, molecular approaches should be used in conjunction with other methods, including histology, in order to allow pathogen visualization. Different approaches need to be used in terms of diagnosis including information on susceptible host species and disease pattern, detection, and molecular characterization.
Viral Diseases
Among the various viruses detected in bivalves, herpeslike viruses have been the most studied at the molecular level. Herpes-like virus infections have been identified in several marine mollusk species in different countries, including the USA, New Zealand, France, Australia, and Mexico (Friedman et al., 2005; . The purification of herpeslike viral particles from C. gigas larvae allowed the extraction of the viral DNA (Le Deuff and Renault, 1999) , the genome was completely sequenced, and its overall structure has been determined (Davison et al., 2005) . Extraction and sequencing of Ostreid Herpes virus 1 (OsHV-1) DNA from purified particles infecting C. gigas larvae (Le Deuff and Renault, 1999) facilitated the development of molecular diagnostic tools. A PCR-based procedure for detecting the herpes virus that infects the Pacific oyster, C. gigas, in France was first developed by Renault et al. (2000) . Since then, several PCR diagnostic protocols have been developed (Renault et al. 2000; Arzul et al., 2002; Friedman et al., 2005) . Various primer pairs Barbosa-Solomieu et al., 2004) have been designed and used to detect viral DNA using either one-round or nested PCR. In addition, the PCR conditions used for detection of OsHV-1 also allow the amplification of DNA from other closely related herpes viruses, as was the case of a variant of OsHV-1 Friedman et al., 2005) . Despite the various methods that have been developed for the diagnosis of bivalve herpes virus by PCR, it is noteworthy that the specificity was tested using DNA from vertebrate herpes virus since the time of the development, and OsHV-1 was the only known herpes virus infecting invertebrates (Davison et al., 2005) . Therefore, it should be noted that the PCR assay may need to be redesigned if additional invertebrate herpes viruses are found in the marine environment. At this time, the analysis of the same samples with different primer pairs is used to evaluate the diagnostic specificity of the primer pairs. Another technique that has also been developed is in situ hybridization (ISH) that allows the detection and visualization of viral DNA on histological sections using a labeled DNA probe (Lipart and Renault, 2002; Barbosa-Solomieu et al., 2004) .
Bacterial Diseases
Molecular detection methods have recently been developed for the identification of several bacteria species that infect mol-lusks, including Vibrio tapetis, Roseovarius crassostreae, and Vibrio aestuarianus. The etiological agent of brown ring disease, V. tapetis, can be identified using dot blot hybridization and a species-specific primer assay (SSP-PCR) . Maloy et al. (2005) have also developed a PCR technique for identification of the etiological agent of juvenile oyster disease (JOD), R. crassostreae.
Although PCR techniques can provide molecular identification of specific bacterial pathogens, bacterial strains belonging to the same species may differ in virulence (i.e., V. splendidus), and therefore techniques that allow strains to be distinguished can be useful. Strain genotyping appears a suitable tool for association of a specific genetic type to disease. DNA typing may be carried out using different techniques targeting intergenic rDNA spacer regions, individual genes, a gene cluster, and the whole genome. Strains presenting different levels of virulence can be observed for a same bacterial species. In this context, molecular diagnostic techniques targeting virulence factors appear the best adapted tools. Moreover, virulence characterization also needs experimental trials to confirm if a particular strain is virulent or not.
Vibrios are ubiquitous in aquatic ecosystems. Vibrio strains influence the health of cultured marine organisms and constitute pathogens or potential pathogens. Vibrio splendidus-related species have been reported in association with mortality outbreaks of mollusks (Lacoste et al., 2001b; Gómez-León et al., 2005) . Epidemiological studies indicate high genetic diversity in this group, suggesting a polyphyletic nature (Le Roux et al., 2005) . DNA gyrase subunit B (gyrB) gene sequencing has been used to characterize V. splendidus-related isolates from oysters (Le Roux et al., 2005) , and although several strains clustered together, they could not be assigned to any known Vibrio species. In this context, taxonomic analysis of unidentified isolates based on a polyphasic approach, including gene sequencing, fluorescent amplified-fragment length polymorphism (FAFLP) fingerprinting, DNA-DNA hybridization, and biochemical tests, has successfully been used by several authors to define new species (Thompson et al., 2003; Le Roux et al., 2005) .
Bonamiosis
The detection of dense cytoplasmic structures called haplosporosomes in microcell parasites (i.e., Bonamia ostreae, B. exitiosa, Mikrocytos roughleyi, M. mackini) suggested that these parasites belong to the phylum Haplosporidia, whose members are defined by their spores (Sprague, 1979) . However, spores have never been detected in microcell parasites, including B. ostreae. In this context, these parasites have previously not been assigned with certainty to any group. The recent use of molecular phylogenetic analyses (Carnegie et al., 2000 Reece and Stokes, 2003; Reece et al., 2004) (Hine et al., 2001; Carnegie et al., 2003) . As a result, the genus Mikrocytos was found to be polyphyletic, and M. roughleyi was reassigned to the genus Bonamia Reece et al., 2004) . The first DNA-based diagnostic assay for a microcell was designed for B. roughleyi (Adlard and Lester, 1995) . Subsequently, a "Bonamia ostreae-specific" PCR assays targeting the SSU rDNA were developed by Carnegie et al. (2000) and Cochennec et al. (2000) . Finally, PCR-restriction fragment length polymorphism (PCR-RFLP) assays could provide the most useful molecular tool to distinguish B. ostreae from B. existiosa and to distinguish B. roughleyi from the other Bonamia spp. (Hine et al., 2001; Cochennec-Laureau et al., 2003) . The sequence of the SSU rDNA gene of B. ostreae shows polymorphism with that of B. exitiosa or B. roughleyi by RFLP analysis (Hine et al., 2001; Cochennec-Laureau et al., 2003) .
To confirm the presence of a viable pathogen, molecular approaches should be used in conjunction with histology in order to allow pathogen visualization and also validate new diagnostic methods. Two ISH protocols, not yet validated against classical histological techniques, have been developed (Carnegie et al. 2003; Cochennec et al., 2000) . PCR and fluorescent in situ hybridization (HIS) assays for M. mackini were also defined (Carnegie et al., 2003) . Recently, Balseiro et al. (2006) conducted a comparative study demonstrating that molecular techniques showed higher sensitivity than classical cytological and histological methods. In addition, transmission electron microscopy and PCR-RFLP and sequence analyses are also recommended for a confirmatory diagnosis.
Haplosporidosis
For the haplosporidian pathogens, the first molecular diagnostic tools were developed for detecting Haplosporidium nelsoni, the causative agent of MSX disease in the eastern oyster. The small subunit rRNA gene sequence was targeted for DNA probes and PCR primers Day et al., 2000; Penna et al., 2001) . Although light microscopy is well suited to detect haplosporidian parasites on histological sections, this technique does not allow discrimination among the plasmodial stages of the different species. Parasite location, host species, and morphological features can be used to help in differential diagnosis. However, in the absence of spores, differential diagnosis between H. nelsoni and H. costale is problematic. In this context, Stokes and Burreson (2001) developed PCR primers targeting the SSU rRNA gene of these two different Haplosporidium species and were able to show that these diagnostic tools differentially diagnosed H. nelsoni and H. costale. Moreover, both parasite species can be detected in the same animals, indicating the occurrence of mixed infections (Stokes and Burreson, 2001) . Haplosporidian parasites have also been detected in clams (R. decussatus), and molecular studies revealed that they were related to Urosporidum group .
Marteilisosis
Traditional detection and identification of Marteilia species is based on host specificity, histology, analysis of ultrastructural characters by transmission electron microscopy (Comps et al., 1982; Perkins, 1976) and in situ hybridization using specific probes in histological sections Itoh et al., 2003) . However, in certain cases, controversy has arisen. In Europe, M. refringens has been detected in oysters Ostrea edulis (Grizel et al., 1974) and mussels Mytilus edulis and M. galloprovincialis (Tigé and Rabouin, 1976; Villalba et al., 1993) . Another species, M. maurini, was described in M. galloprovincialis from the Venice Lagoon, Italy (Comps et al., 1982) , and in M. edulis from France (Auffret and Poder, 1983) . The DNA sequencing and specifically the analysis of the small subunit ribosomal genes (SSU rRNA) of Marteilia purified from infected oysters (O. edulis) and mussels (M. edulis) showed identical sequences . However, investigation of the existence of polymorphisms in the internal transcribed spacer region (ITS-1) of the rRNA genes allowed the identification of two Marteilia genetic types in European waters, named "O" and "M," which appeared to be linked to the host species, oysters and mussels, respectively (Le Roux et al., 2001) . However, subsequent studies found no strict correlation of Marteilia types to mussels or oysters. Recently, Novoa et al. (2005) identified by PCR-RFLP two different restriction profiles in Spain corresponding to the previously identified "O" and "M" types, and a third ITS-RFLP profile was also found. Thus, although there were two distinct evolutionary lineages that corresponded with the "M" and "O" types, phylogenetic analysis showed that some "O" types have switched to "M" type, and vice versa. Moreover, "O" types were found in mussels and "M" types were found in oysters, suggesting several cross-species transmission of Marteilia between mussels and oysters, and also indicating that the two identified genetic Marteilia groups are not strongly related to the host species.
Perkinsosis
Since the description of the type species Perkinsus marinus, the phylogenetic position of the genus has been the subject of considerable debate and confusion. The use of molecular techniques and DNA sequencing allowed the analysis of its taxonomic position. A review of Perkinsiosis has been published recently by Villalba et al., 2004 . Phylogenetic analysis with the SSU rRNA gene sequence suggested that Perkinsus species are more closely related to dinoflagellates than apicomplexan, within the group of Alveolates (Cavalier-Smith, 1993) . New molecular evidence suggests that Perkinsus is, in fact, a dinoflagellate Reece et al., 1997; Saldarriaga et al., 2003; Reece et al., 2004) . Based on molecular data, P. olseni and P. atlanticus were recently determined to be synonymous species, with P. olseni having taxonomic priority (Murell et al., 2002) . Perkinsus chesapeaki and P. andrewsi, two species isolated from clams in the mid-Atlantic of the USA, were also found to be the same species .
Traditionally, Perkinsus infections have been diagnosed by histopathology or incubating molluscan tissues in Ray's fluid thioglycollate medium (RFTM). Molecular techniques, however, have demonstrated that the hypnospores detected by RFTM can belong to other protozoan species, and although being a valid method for routine monitoring for the presence of Perkinsus, it is not a Perkinsus-specific diagnostic tool . In addition, molecular methods based on PCR have been developed using appropriate genetic markers, species, and strain-specific PCR-based assays. Sequences of the 18S rRNA gene, the ITS, and non-transcribed spacers (NTS) regions of the rRNA gene complex have been targeted by molecular diagnostics for detection and identification of Perkinsus species. Recently, species and strain-specific PCR-based assays have been developed for the detection of P. marinus (Marsh et al., 1995; Robledo et al., 1999; Yarnal et al., 2000) , P. olseni (De la Herrán et al., 2000; Robledo et al., 2000; Casas et al., 2002) , P. andrewsi (Coss et al., 2001) and P. mediterraneus . In addition to species-specific assays, some Perkinsus genus-specific assays have been developed by PCR (Robledo et al., 2002) and by PCR-RFLP (Abollo et al., 2006) . Other PCR-assays have been used for the diagnosis of Perkinsus spp. and Perkinsus-like species (Kotob et al., 1999; Figueras et al., 2000) . Immunological detection of Perkinsus using ELISA (Dungan and Hamilton, 1997) and PCR-ELISA (Elandalloussi et al., 2004) assays have been also developed.
RESPONSE TO DISEASE IN BIVALVES

Phagocytosis
When a pathogen invades a host, multiple reactions occur, initiated both by the pathogen in an attempt to survive and by the host in an attempt to eliminate the invader. In all metazoans, the immune system plays a fundamental role in preventing pathogenic infections and maintaining homeostasis. For more than a century, phagocytosis has been recognized as an important phenomenon shared by all animals, involved not only in nutrition, but also in defense (Silverstein, 1995) . Phagocytosis is the primordial mechanism for the elimination of invading microorganisms and foreign particles in bivalve mollusks. Its purpose is to eliminate all foreign materials, including inorganic particles, living organisms (pathogenic or non-pathogenic), as well as modified self-cells. To achieve this goal, sophisticated cascades of reactions involving multiple molecular partners take place (reviewed by Stuart and Ezekowitz, 2005) . Laboratory experi-ments have demonstrated that phagocytosis in bivalve mollusks can be enhanced by short-term exposure to low level of xenobiotics or lowered by higher concentrations or longer term exposure (Anderson et al., 1981) and pathogens (Ordás et al., 1999) . In fact, microbial killing results from the combined action of the phagocytic process along with several humoral defense factors, with such activity varying according to season (reviewed by Canesi et al., 2002) . Not only hemocytes from adult Mytilus edulis, but also from larval stages are capable of phagocytosis, as demonstrated by studies with disaggregated veliger larvae (Dyrynda et al., 1995) .
Respiratory Burst and Free Radicals
Molluscan hemocytes respond to appropriate stimuli with a burst of respiratory activity in a manner resembling the respiratory burst of mammalian phagocytes. The mechanisms involved in the intracellular killing of the phagocytized material result in the generation of various free radicals, including reactive oxygen intermediates (ROIs) in the scallops Patinopecten yessoensis and Pecten maximus, the oysters Crassostrea virginica, C. gigas, and Ostrea edulis (Bachère et al., 1991) , the mussels M. edulis and M. galloprovincialis (Pipe, 1992) , and the clams Mercenaria mercenaria (Buggé et al., 2007) . Surprisingly, other clams, including Ruditapes decussatus, Mya arenaria, and Scrobicularia plana do not possess detectable stimulation of ROI production coupled with phagocytosis (Lopez et al., 1994; Anderson, 1994; Wootton and Pipe, 2003) . According to some authors, the protozoan parasite, Perkinsus marinus, may either increase or suppress the production of ROIs in C. virginica (Volety and Chu, 1995) . A large production of ROIs obtained with intact but killed P. marinus, suggests that there is an active mechanism whereby the living parasite prevents triggering of this defense mechanism in the host (Anderson, 2001) . In addition, even if the molecular mechanism is not elucidated, it is hypothesized that not all pathogens trigger ROIs production, including the protozoan Bonamia ostrea in the oysters C. gigas and O. edulis, the Perkinsus-like parasites and bacteria Vibrio tapetis in M. galloprovincialis , several pathogenic vibrios in C. gigas and the scallop P. maximus , and Vibrio anguillarum in the oyster C. virginica (Bramble and Anderson, 1997) . Down-regulation of ROI production by noradrenalin suggested that β-adrenergic receptors are present at the surface of oyster C. gigas hemocytes (Lacoste et al., 2001a) . Some vibrios such as V. tapetis were shown to inhibit ROIs production in hemocytes of C. gigas .
Nitric Oxide (NO) and Derivatives
In vertebrates, nitric oxide (NO) is an important molecule involved in normal physiological functions, such as the regulation of vascular tone, cellular signaling in the brain, and elimination reviews in fisheries science vol. 16 S1 2008 of pathogens (reviewed by Schmidt and Walter, 1994) . Release of NO has been revealed by in vitro clumping of bacteria in the presence or absence of inhibitory drugs, or following stimulation by bacterial lipopolysaccharide (LPS) or PMA in the hemocytes of M. edulis and M. galloprovincialis (Arumugam et al., 2000a; Gourdon et al., 2001; Tafalla et al., 2002) and of Crassostrea gigas and R. decussatus (Arumugam et al., 2000b; Tafalla et al., 2003) . NO is not toxic by itself, but in combination with super-oxide anions synthesized during phagocytosis, it generates the peroxynitrite anion (ONOO-), which is highly toxic but extremely labile. Phagocytosis-associated peroxynitrite anion generation has been observed via chemiluminescence enhanced by bicarbonate anions in several bivalve species. Addition of yeast membrane extracts (zymosan) rapidly increases the luminescence as reported for the mussel, M. galloprovincialis (Torreilles et al., 1999) . Also in M. galloprovincialis, an important increase in NO production was stimulated by human interleukin-2 but not by bacterial LPS (Novas et al., 2004) . Partial inhibition by NO-synthase inhibitors demonstrated the involvement of other oxidative anions, such as peroxynitrites, the only spontaneously luminescent NO derivatives. In addition, incubation with the bacteria Vibrio tapetis induced a significant increase in NO production by R. decussatus hemocytes, but exogenous NO did not increase phagocytosis of E. coli, suggesting NO does not mediate phagocytosis in this species (Tafalla et al., 2003) . Vibrio pectinicida, a pathogen of P. maximus larvae, was demonstrated in vitro to completely inhibit the chemiluminescence activity of adult P. maximus hemocytes, but only partially those of C. gigas . Similarly, injection of V. anguillarum induced a reduction of hemocyte lysosomal membrane stability in the oyster species, C. gigas and Ostrea edulis, and in the scallop, P. maximus (Hauton et al., 2001) . Live V. anguillarum was found to be toxic to M. edulis hemocytes in vitro, as well as bacteria-free culture supernatant (Lane and Birkbeck, 1999) . There are many data demonstrating the toxic effect of bacteria on several immunerelated activities in bivalves, with a clear difference between pathogenic and non-pathogenic species. Surprisingly, cannabinoid receptors have been found coupled to NO release in both M. edulis hemocytes and human monocytes, suggesting the opiate alkaloid signaling system has been conserved for more than 500 million years (Stefano et al., 1996) .
Pro-Phenoloxidase (Pro-PO) Cascade
The Pro-PO system is considered to be an innate defense mechanism. Phenoloxidase (PO) activity was detected in plasma and hemocytes of several bivalves: M. edulis (Coles and Pipe, 1994) , Perna viridis (Asokan et al., 1997) , C. gigas, R. philippinarum, Argopecten ventricosus, Nodipecten subnodosus, and Atrina maura (Hellio et al., 2007) . As revealed in arthropods, PO exists as a pro-enzyme, the pro-phenoloxidase (pro-PO), and can be activated in vitro by exogenous proteases, detergents, laminarin, or bacterial lipopolysaccharides. Based on biochem-ical purification, the R. philippinarum PO was found to be a tyrosinase-type PO (Cong et al., 2005) . A positive correlation was demonstrated between resistance to QX disease caused by Marteilia sydneyi, and high PO activity in Sydney rock oysters, Saccostrea glomerata (Newton et al., 2004) . Furthermore, PO activity in both hemocytes and hemolymph from Tapes decussatus increased with low or medium levels of parasitization by P. olseni (previously named P. atlanticus), but not with high levels, suggesting the influence of the parasite on this defense mechanism (Muñoz et al., 2006) .
Heat Shock Proteins
Heat shock proteins (hsp) are constitutively expressed in cells and involved in protein folding, assembly, degradation, etc., acting as molecular chaperones. However, their over-expression represents a molecular mechanism related to stress. The presence of specific proteins in hemocytes of oysters and mussels, and, in addition, the typical proteins from the hsp70 family are present also in the scallops Argopecten irradians (Song et al., 2006a) and Mizuhopecten yessoensis, and in the clam Chlamys farreri (Wu et al., 2003) . Meanwhile, the Ostreidae hsp70 sequences distribute in two clearly separated clusters. In common with vertebrates, the gene sequence of M. galloprovincialis hsp70 does not contain introns (Kourtidis and Scouras, 2005) . Hsp70 gene expression in M. galloprovincialis is enhanced by exposure to 30-35 • C (Table 2) (Franzellitti and Fabbri, 2005) . Surprisingly, injection of the bacteria Vibrio. anguillarum also resulted in over-expression of the hsp70 gene, whereas no change was observed after injection of V. splendidus or Micrococcus lysodeikticus (Cellura et al., 2006) . Interestingly, the expression of at least one protein of 45 kDa is suppressed in heat-shocked hemocytes, suggesting downregulation occurs in both M. californianus and C. virginica. Based on cross-reactivity with mouse monoclonal antibodies, maximal levels of hsp72 and hsp70 were observed in M. galloprovincialis collected from the field in summer and minimal levels were found in winter (Hamer et al., 2004) . Table 2 Regulation of mussel AMP (defensin, mytilin, and myticin) genes and HSP70 by bacterial injection and moderate heat shock compared to nonchallenged mussels expressed in relative number of mRNA copies as measured in Q-PCR, considering defensin copies in non-challenged mussels as 100 (modified from Cellura et al., 2007) reviews in fisheries science vol. 16 S1 2008
Proteases and Protease Inhibitors
Extracellular proteins are released by the protozoan parasite, P. marinus, during invasion of the eastern oyster C. virginica (La Peyre et al., 1995) . Such proteins, mainly proteases, can reduce in vitro hemocyte motility, lysozyme activity, and hemagglutinin titers of the host, and constitute one of the weapons developed by the parasite to damage the immune defense capacities. In addition, the proteases facilitate the propagation of parasites in oysters and might be implicated in modification of mechanisms controlling cell membrane permeability (Paynter et al., 1995) . Several proteins with MW in the 40-60 kDa range belonging to P. marinus have been observed in the plasma of C. virginica during the first few hours following injection of the parasite (Muñoz et al., 2003) . Part of the molecular host-parasite war game, protease inhibitors are found in the cell-free hemolymph of both C. virginica and C. gigas: a serine protease inhibitor (serpin) of 30 kDa and a large MW α2-macroglobulin-like protein (Faisal et al., 1998) . The protective role of serpins against several protozoan parasites is well known (Rosenthal, 1999) . The protease inhibitor activity against the proteases of P. marinus is greater for C. gigas than for C. virginica, and C. gigas is significantly more resistant to P. marinus than C. virginica (Meyers et al., 1991) . The highest protease inhibitor activities preceded parasite elimination in C. gigas, and it was hypothesized that such inhibitory activity represents the key event in resistance to parasite infection by neutralizing the proteases secreted by the parasite (Romestand et al., 2002) . Correlation between a high level of serpins and light protozoan infection among C. virginica populations, as well as the increase of serpins in C. gigas (resistant to the parasite) and not in C. virginica (the normal host), suggests the direct involvement of protease inhibitors in the oysters' defense against parasites.
Lysozyme
Present in numerous animals and several body fluids, lysozyme is a widely distributed anti-bacterial molecule. In bivalves, lysozyme activity was first reported more than 30 years ago (McDade and Tripp, 1967; Cheng and Rodrick, 1974) (Table 3 ). But it was only recently that complete amino acid sequences from Tapes japonica and Chlamys islandica were released (Ito et al., 1999) (Bachali et al., 2002) . Bivalve lysozymes belong to the invertebrate type (i-type) lysozyme family, which differs from the insect c-type lysozyme, but is similar to vertebrate c-type (Nilsen and Myrnes, 2001) . Although comprising five exons (M. edulis) versus four exons (C. islandica), the boundaries of the central exon encoding the putative active domain of the enzyme correspond exactly between the two bivalve genes (Olsen et al., 2003) . Three additional lysozymes were isolated from M. edulis, with different profiles of enzymatic features, reflecting multiple genes serving different functions (Xue et al., 2007) . Lysozyme sequences from the oysters, C. virginica, C. gigas, and Ostrea edulis, are also available. Lysozyme activity is expressed strongly in basophilic cells from digestive gland tubules and is increased by injection of bacterial DNA in the mussel Hyriopsis cumingii (Hong et al., 2006) and by injection of Vibrio tapetis in R. philippinarum, but less in R. decussatus, and no increase in activity was observed in Mercenaria mercenaria or C. virginica (Allam et al., 2006) . Meanwhile, the site of inoculation, pallial cavity, extra pallial space, or adductor muscle, appeared crucial in generating the lysozyme response. Similarly, various extracts from P. marinus decreased the lysozyme activity in C. virginica, suggesting the parasite can modulate some defense parameters (Garreis et al., 1996) .
Lysosomal Enzymes
In bivalve mollusks, a variety of lysosomal enzymes have been identified in both hemocytes and serum (Table 3 ). Increased levels of lysosomal enzymes are induced by exposure to infectious agents and their structural components (Cheng, 1986; Oubella et al., 1994) . Mechanisms of hypersynthesis of lysosomal enzymes, triggered by the challenge with bacteria, have been described in Chu (1988) . After phagocytosis and internalization of particles in secondary phagosomes, enzymes in phagocytic cells degrade foreign material using the classical pathway of lysosomal digestion. Lysosomal enzymes may also be released into the extracellular medium during or after phagocytosis by hemocytes.
Cytotoxic Activity
In the mussel, M. edulis, a modification of the in vitro plaque assay has been employed to demonstrate the secretion of cytolytic molecules by hemocytes (Leippe and Renwrantz, 1988) . Also, the Mediterranean mussel, M. galloprovincialis, contains cytotoxic activity against both vertebrate (erythrocytes and mouse tumor) and protozoan cells (Hubert et al., 1996a) , while the bacterial species, E. coli and Vibrio alginolyticus, were not sensitive. Injection of erythrocytes stimulated the cytotoxic activity with a maximum two days post-injection, suggesting that cytotoxic molecules are involved in immune defense (Hubert et al., 1997) . The activity was still present in dialyzed samples but was destroyed by heating at 45 • C. Purification of the active molecule revealed a 320-kDa cytotoxic polymeric protein (Roch et al., 1996 (Roch et al., , 1999 . Composed of three different proteins, the complex acts like perforin through a hetero-polymerization process after it binds to target cell membranes, as revealed by electron microscopy (Hubert et al., 1997) . reviews in fisheries science vol. 16 S1 2008 
Antimicrobial Peptides
Antimicrobial peptides (AMP) are among the most important effectors of innate immunity, predating lymphocytes, and immunoglobulins. They are quite universal, found in plants to animals, and even in bacteria (reviewed by Boman, 1995) . The first antibacterial or antiviral peptide molecules reported in marine mollusks were large proteins of 56-250 kDa found in a gastropod, the sea hare, Dolabella auricularia (Kisugi et al., 1992) . Several small proteins of 4 kDa were later purified from mussel hemocyte granules (Charlet et al., 1996; Hubert et al., 1996b) . Based on primary amino acid sequence homologies, mussel peptides were arranged into three families: defensins related to arthropod defensins, and mytilins and myticins, which were both found to be unique. In M. galloprovincialis, all the peptides possess 8 cysteines arranged in specific conserved arrays (Mitta et al., 2000a) . The same structure is shared by the new myticin class, myticin C, described recently in M. galloprovincialis (Pallavicini et al., 2008) . The genes encoding these proteins showed a high polymorphic variability, which was detected after construction and screening of SSH and cDNA libraries. This variability was also observed in clam-mytilin and clam-myticin, described for the first time in the clam R. decussatus, and detected after analysis of a SSH library (Gestal reviews in fisheries science vol. 16 S1 2008 et al. , 2007) . Slight differences in other amino acid sequences indicated that there are several isoforms with different biological activities, which prompt questions about the target specificity for this ancestral innate defense system. In the oyster Crassostrea gigas, extensive biochemical studies resulted in the identification of a 23-kDa plasma protein exhibiting poor antibacterial activity (Hubert et al., 1996a) . Finally, a defensin-like peptide was isolated from acidified gill extract of C. virginica (Seo et al., 2005) . Later, a molecular biological approach revealed the presence of two isoforms of a defensin-like protein in C. gigas (Gueguen et al., 2006; Gonzalez et al., 2007) . Two partial cDNA referring to putative AMP, gigasin 2 and 3, have been identified in C. gigas. Similarly, one cDNA from M. trossulus was found to be analogous to mytilin C. In addition, one incomplete gene sequence coding gigasin 2 has been released (Gen-Bank AJ582630). Genes encoding mussel AMPs have been sequenced, revealing identical structure, including four exons and three introns (Mitta et al., 2000b, GenBank EU088427) . Proposed structures of defensins from M. galloprovincialis (Yang et al., 2000) and C. gigas (Gueguen et al., 2006) have been published, and they appear comparable to those of arthropod defensins with an α helix followed by two anti-parallel β strands linked by intra-chain disulfide bonds. In naive mussels, the 3 AMPs are present in dramatically different quantities: myticin is expressed 300-fold more than defensin and mytilin 30-fold more (Table 3) . Moreover, the genes are differentially regulated according to the challenging bacteria. Vibrio anguillarum mainly increased mytilin expression, whereas Micrococcus lysodeikticus almost suppressed defensin expression, and V. splendidus decreased both mytilin and myticin expression (Cellura et al., 2007) . Such effects were observed immediately after challenge, lasting less than 24 hr. In contrast, oyster defensin appeared unchanged after a bacterial challenge (Gueguen et al., 2006) . Surface properties are crucial in influencing E. coli persistence and survival within M. galloprovincialis hemolymph (Canesi et al., 2001) . In vitro antibacterial activity of M. edulis was provoked by LPS extract in a temperature and dose-dependent manner, suggesting the involvement of hemocyte metabolism (Hernroth, 2003) .
Antiviral Activities
Although no interferon-like molecule has been described from invertebrates, there have been reports of various body extracts displaying antiviral activities. For instance, antiviral activity against amphibian virus LT-1 has been described in an aqueous extract from the clam, Mya arenaria (Li and Traxler, 1972) and neutralizing activity against T3 coliphage was observed in C. gigas hemolymph (Bachère et al., 1990) . Recently, fresh filtered hemolymph of adult C. gigas has been reported to inhibit the replication of herpes simplex virus type 1 and the replication of infectious pancreatic necrosis virus in vitro (Olicard et al., 2005) . More generally, molluskan AMP also possesses antiviral activities, like the AMP of many vertebrates and insects (Chiou et al., 2002) . For instance, 5 µM of mussel mytilin reduced by 50% the WSSV-induced mortality in shrimp (Dupuy et al., 2004) . Moreover, synthetic fragments of AMP retained the activity, opening the field for the development of new antiviral treatments. Truncated mussel defensin is still capable of preventing infection of human cells by HIV-1 in vitro .
Signaling Molecules
Based on the existing linkage between the immune and the endocrine system in vertebrates, investigations of the presence of signaling molecules (cytokine-related) were conducted in bivalves. Two approaches were developed: studies on (1) the effect of mammalian monokines on hemocytes, and (2) an experiment that involved labeling hemocytes with antibodies against vertebrate cytokines (Hughes et al., 1990) . Results indicated that recombinant human tumor necrosis factor (TNF) activated mussel hemocytes in vitro in a dose-dependent fashion and reduced the number of circulating hemocytes when injected into the mussels, the two responses being blocked by either anti-TNF or anti-interleukin 1 (IL-1) antibodies (Hughes et al., 1991a) . The presence of such endogenous substances was confirmed by quantification in ELISA, but using heterologous antibodies. Similarly, transforming growth factor (TGF) and platelet-derived growth factor (PDGF) were demonstrated by immunocytochemistry in mussel phagocyte cells (Franchini et al., 1996) . In addition, Mytilus hemocytes have been reported to produce cytokines in response to LPS (Hughes et al., 1991b) . Meanwhile, no cytokine-like mediator has been isolated as a pure molecule. The only available data concerns oysters and includes cloning and expression analysis of putative LPS-induced TNF-α factor of C. gigas (Park et al., 2008) , one complete cds related to interleukin 17 identified in C. gigas (GenBank EF190193 from 01 Jan 08), and two partial cDNA sequences in silico related to cytokines in the oyster, C. virginica (GenBank CD646593 and 648005 from18 Jun 03 without more recent details).
DISEASES AND STRESS: COMPLEX INTERACTIONS BETWEEN ANIMAL, ENVIRONMENT, AND PATHOGEN
Invertebrates are phylogenetically assorted and have evolved an array of efficient defense strategies to protect against pathogen attack. Marine invertebrates, especially bivalves, are particularly challenged by their environment. Due to their filterfeeding habits, bivalves gather a large number of microorganisms, which include those that can be a source of sustenance, as well as those that can be an immune challenge.
Pollutants or xenobiotics, which interact with immune system components and interfere with their protective functions, are referred to as immunotoxins (Wong et al., 1992) . Xenobiotics can induce immune stimulation or suppression, resulting in either auto-immunity or a decrease in disease resistance (Wong et al., 1992) . According to Snieszko (1974) , the development of an infectious disease results from an imbalance between the host and the pathogen due to external factors (including pollutants) and/or internal factors of both protagonists (pathogen virulence, host susceptibility).
Addressing Functional Proteins
As in other invertebrates, bivalves possess a suite of adhesion molecules that aid in self/non-self recognition and bind to the carbohydrate content of foreign cells. The properties of lectins and their identification roles in host defense are well documented in several bivalves (Bulgakov et al. 2004 ). In addition, other adhesion molecules, such are collagen, galectin-, integrin-, and fibronectin-like proteins, have been isolated from several bivalves (Yamaura et al., 2008; Tasumi and Vasta, 2007; Terahara et al., 2006) . Bivalves, like all invertebrates, seem to rely solely on the set of pattern recognition receptors (PRRs) that detect a broad range of pathogen-associated molecular patterns (PAMPs) (Janeway and Medzhitov, 2002) . Such a system might enable the distinction between wide categories of pathogens, such as Gram-positive and Gram-negative bacteria.
The mechanisms underlying host defense critically depend on the presence and the appropriate concentrations of the functional proteins mentioned above, as well as many others still unknown, which are available in appropriate quantities within a crucial time window. These proteins are encoded by genes whose transcription is tightly coordinated by complex programs of gene expression. Altered or defective gene regulation may not only increase the susceptibility of the host to infection but also leads to disease outbreaks in bivalves. In this way the host gene expression profiling can result in a biological threat detection system.
Gene Expression Technologies
A diverse range of technologies has been developed to assess the level of gene expression, ranging from the analysis of a single gene to thousands of genes simultaneously. On the basis of the experimental approach, a distinction can be made between "closed" and "open" methods. Closed approaches rely on hybridization of genes of interest to complementary nucleic acids, and, therefore, genome knowledge is a prerequisite. Examples of closed approaches are Northern blot and DNA microarray studies. In contrast, open approaches are expressed sequence tag (EST) sequencing, serial analysis of gene expression (SAGE), and massively parallel signature sequencing (MPSS). The identity of transcripts is determined by matching the experimental sequence to the genomic data. For bivalve genomics, a recent and complete review of the available data has been released by Saavedra and Bachère (2006) .
Despite the economic value of many bivalve species and the availability of full-genome sequencing programs, so far only oysters have been selected for genome sequencing (Hedgecock et al., 2005) . On the other hand, up to several thousand redundant nucleotide records are present in GenBank, and cDNA microarrays of 1.7 kbp and 6.8 kbp size are available for mussels and oysters, respectively (Cunningham et al., 2006; Venier et al., 2006) .
SAGE
Serial analysis of gene expression (SAGE)
, is an open highthroughput expression profiling technique that allows unbiased assessment of virtually all polyadenylated transcripts in a single sample. An attractive feature of SAGE is that the technology allows new gene discovery. The drawback of SAGE is that tags are very small, and it is tricky to completely and accurately annotate them unless the genome of the target organisms is completely sequenced. Interestingly, application of SAGE has recently expanded from expression analysis to whole genome analysis.
Combining the specificity of chromatin immune precipitation (ChIP) with the sensitivity of SAGE, allows the identification of genome signature tags defining functional genomic elements such as transcription binding sites (Impey et al. 2004; Roh et al, 2004) . To our knowledge, and based on public database mining for gene expression data (Gene Expression Omnibus, GEO), no classical SAGE analysis has been conducted on any mollusk. However, the advent of new sequencing technologies: pyrosequencing from 454 Life Sciences system (Margulies et al. 2005) , reversible terminator-based sequencing from Illumina (Brenner et al., 2000) , and sequencing by ligation from Applied Biosystems (http://solid.appliedbiosystems.com) means mass sequencing is becoming affordable. Recently, a study describing parallel mass sequencing for bivalve organisms was published. The authors investigated gene-expression patterns to elucidate growth heterosis in the Pacific oyster (C. gigas) by generating 8.6 million sequence tags (Hedgecock et al., 2007) . About 350 heterosis-related candidate genes are waiting for the complete genome sequence to make further genetic or functional analysis easier.
Microarrays
DNA microarray technology is a closed high-throughput method that enables the measurement of a large predetermined set of known genes or sequences. In the microarray technology, DNA molecules representing specific transcripts are fixed onto a solid support, ranging from oligonucleotides to complete cDNAs. Inherent of closed approaches, such as microarray analysis, is the fact that a finite collection of arrayed sequences is analyzed. However, an advantage of DNA microarrays is that they are commercialized labor intensive tasks such as collecting sequences and array fabrication and are a routine service. reviews in fisheries science vol. 16 S1 2008
Several companies in the market can provide a single specific microarray, ready for hybridization. However, in contrast to SAGE, comparison of microarray results between laboratories is hampered by the differences in the type of array used, the spotted probe sequences, and the lack of standard operating procedures (SOP). Presently, microarrays that contains thousands of genes are available for only four mollusks, oyster, mussel (NCBI gene expression omnibus platforms GPL3994 and GPL1799), Aplysia, and squid.
EST
Expressed sequence tag sequencing from redundant, normalized, subtractive hybridized libraries has come to the forefront as a robust and relatively inexpensive method for sampling the protein encoding genes that are expressed within a tissue or in the course of physiological disturbances. To date (January 2008) about 100,000 ESTs from bivalves are stored in public databases, but many thousands more will probably be released shortly. For instance, 242 genes of the zebra mussel, Dreissena polymorpha (Bultelle et al., 2002) and 258 genes of the oyster, C. gigas (Boutet et al., 2004b) have been identified following experimental exposure to various contaminants. These observations demonstrate the need for high-efficiency technology and highlight the importance of proteomic approaches for studying of bivalve immunology. Based on EST libraries, thousands of mRNAs have been sequenced, revealing the extreme diversity of the genes being expressed at a time. The first published report was on the eastern oyster, C. virginica, from which two EST libraries were simultaneously constructed from single animal hemocytes (363 singletons) and from 200,000 pooled embryos (286 singletons) (Jenny et al., 2002) . Less than 5% of these genes were determined to be related to immune functions. Results from a similar study in C. gigas, indicate that among the 710 singletons observed in hemocytes from bacteria challenged adults, 20 might be implicated in immune functions (Gueguen et al., 2003) . A study of genes expressed in response to P. marinus challenge, carried out in both C. virginica and C. gigas, revealed 500 singletons of which 19 were identified as being involved in immunity and cell communication. These include genes encoding toll-like receptors (TLR), metal binding proteins, and TNF receptor-associated proteins (Tanguy et al., 2004) . ESTs identified in C. gigas affected by summer mortalities revealed that only 16% may be related to immune function (Huvet et al., 2004) . The EST technology applied to C. gigas mantle led to the identification of the first oyster AMP belonging to the mussel defensin family (Gueguen et al., 2006) . More generally, libraries have been constructed from multiple tissue extracts. For instance, genes encoding AMP myticin, methallothionein, and heat shock proteins were among the 426 singletons identified from hemolymph, gills, digestive gland, foot, adductor muscle, and mantle cDNA samples from unstressed M. galloprovincialis mussels (Venier et al., 2003) .
EST from gill and gonad tissues of pooled adult eastern oyster C. virginica revealed 1,916 singletons, including several heat shock proteins, stress-induced proteins, and the AMP defensin (Peatman et al., 2004) . EST constructed from the whole body except digestive tracts and intestines of one single adult bay scallop A. irradians revealed 2,779 unique sequences, including 131 host-defense-related gene sequences, such as lectins, defensins, proteases, protease inhibitors, heat shock proteins, antioxidants, and TLR (Song et al., 2006b) . To better investigate host/pathogen interactions, samples should be collected at the biological interface. Sample cleaning or dissection techniques may be used to prepare homogenous tissue for random sequencing assays. This methodology becomes complicated when considering finer biological interactions where bacteria or other eukaryotic pathogens may exist as intracellular parasites or somehow be intrinsically connected with the host tissue. In such cases, cDNA libraries that contain mixed genomes will presumably be sequenced. Hence, efficient and reliable computational EST classification methods are required. The canonical approach involves performing a BLAST search against genetic databases to find significant unambiguous matches that resolve the host or pathogen origin of the sequence. But the similarity of conserved sequences and the biased taxa representation in public databases decreases the reliability of the homology approach (Koski and Golding, 2001) . Advanced methods for separating of host and pathogen ESTs rely on differential codon usage profiles for the various organisms (Maor et al., 2003; Emmersen et al., 2007) .
Systems Biology Research
This new investigative discipline of systems biology research has emerged rapidly in recent years (Ideker et al., 2001; Kitano, 2002) . Genome-wide strategies will be used to generate large multi-parameter datasets, including transcriptome, proteome, metabolome, and comparative genome sequences. The elimination of microorganisms by defense cells can be regarded as a complex dynamic process, involving synthesis of proteins during differentiation, migration onto sites of infection, phagocytosis and killing of microorganisms, modulation of effector cells, and finally apoptosis. Understanding how such complexity is regulated can only be addressed by global systems biology approaches, because the study of single or even few parameters has been unable to completely unravel it. Currently, only one study has investigated the distinct facets of the invertebrate immune response at genomic and proteomic levels using microarray technology and mass spectrometry (Stuart et al., 2007) . In this study, the authors reported an integrated approach to define the phagosome, interactome, and related networks on a Drosophila S2 embryonic hemocyte-derived cell line. Thus, researchers could effectively decipher the continuous challenge between two genomes, i.e., evolving host-pathogen interactions.
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CONCLUSIONS
The use of genomic methodologies in mollusks is at an early stage, but is growing due to the importance of these organisms in aquaculture and marine environmental sciences. The Pacific oyster (Crassostrea gigas) is the focus of an international consortium to sequence its genome. The creation of a European consortium, "Marine Genomics Europe," is generating new sequence data for European clams, mussels, and oysters. Transcriptomic methodologies are facilitating progress in the field of functional mollusk immunology and helping the study of genes related to the response to pathogens. The first molluskan DNA chips have been already produced and have been used to study the response of the mussel Mytilus galloprovincialis, the main product of European marine aquaculture, to marine pollution. Proteomic methods are also being applied to the study of these topics. We can foresee that the application of genomic approaches will result in relevant contributions in the years to come in these and other fields of major importance in molluskan aquaculture.
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